Aims/hypothesis Recent studies have demonstrated that in adult murine beta cells the forkhead box O1 (FOXO1) transcription factor regulates proliferation and stress resistance. However, the role of FOXO1 during pancreatic development remains largely unknown. The present study aimed to characterise the expression of the FOXO1 transcription factor in the early to mid-gestation human fetal pancreas and to understand its role in islet cell development. Methods Human (8-21 week fetal age) pancreases were examined using immunohistological, quantitative RT-PCR and western blotting. Isolated human (18-21 week) fetal islet epithelial cell clusters were treated with insulin or glucose, or transfected with FOXO1 small interfering RNA (siRNA). Results Nuclear and cytoplasmic FOXO1 were widely produced during human fetal endocrine pancreatic development, co-localising in cells with the transcription factors pancreatic and duodenal homeobox 1 (PDX-1) and neurogenin 3 (NGN3) as well as cytokeratin 19 (CK19), insulin and glucagon. Treatment with exogenous insulin (50 nmol/l) induced the nuclear exclusion of FOXO1 in both cytokeratin 19 (CK19) + (p<0.01) and insulin + cells (p<0.05) in parallel with increased phospho-Akt (p<0.05) production. siRNA knockdown of FOXO1 significantly increased the number of NGN3 + (p<0.01) and NK6 homeobox 1 (NKX6-1) + (p<0.05) cells in parallel with increases in insulin gene expression (p<0.03) and C-peptide + cells (p<0.05) and reduced levels of hairy and enhancer of split 1 (HES1) (p<0.01). Conclusions/interpretation Our results indicate that FOXO1 may negatively regulate beta cell differentiation in the human fetal pancreas by controlling critical transcription factors, including NGN3 and NKX6-1. These data suggest that the manipulation of FOXO1 levels may be a useful tool for improving cell-based strategies for the treatment of diabetes.
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Introduction
Pancreatic islet cell transplantation is a potential treatment for diabetes, but is limited by a shortage of donor material [1] . Determining the factors which regulate development of the human pancreas and maintain survival and function of islets may help devise cell-based strategies for diabetes treatment. One such research focus is aimed at better understanding the role of transcription factor cascades [2] . Several studies have suggested that the forkhead box (FOXO) transcription factors are key regulators of pancreatic beta cell function. In mammals, four O class members encoded by distinct genes have been identified including FOXO1, FOXO3, FOXO4 and FOXO6 [3] . FOXO1, also known as FKHR, is the most abundant isoform in the adult pancreas, where it is exclusively produced in beta cells [4, 5] . Transcriptional activation of FOXO proteins is negatively regulated by insulin and growth factor-dependent activation of the phosphatidylinositol 3 (PI3)-kinase/Akt signalling cascade [6] . Activation of Akt results in the phosphorylation of FOXO proteins on conserved serine/threonine residues, leading to nuclear exclusion and subsequent degradation. Withdrawal of insulin or growth factors stimulates dephosphorylation and nuclear translocation of FOXO proteins, leading to FOXO-induced gene-specific transcriptional activation [6] .
In the mouse pancreas, FOXO1 competes with forkhead box A2 (FOXA2) for binding to the pancreatic and duodenal homeobox 1 (Pdx-1 [also known as Pdx1]) promoter, and, subsequently, acts as a negative regulator of PDX-1 production [7] . Moreover, under oxidative stress conditions, PDX-1 translocates to the cytoplasm of beta cells while FOXO1 moves into the nucleus, resulting in a restriction of beta cell growth and proliferation in order to prevent cellular damage [8] . This differential nuclear vs cytoplasmic localisation of FOXO1 and PDX-1 has been shown in HIT-T15 cells to work through the c-Jun N-terminal kinase pathway [8] . The presumption that FOXO1 protects against beta cell failure has been further supported by studies demonstrating its ability to increase neurogenic differentiation 1 (NEUROD) and v-maf musculoaponeurotic fibrosarcoma oncogene homologue A (MAFA) production, a compensatory response that preserves beta cell function under metabolic stress conditions [9] .
During mouse pancreatic organogenesis, FOXO1 and PDX-1 share similar production patterns; both are widely produced in the pancreatic epithelium between embryonic day (e) 9.5 and 14.5 and become exclusively produced postnatally in beta cells [10] [11] [12] [13] [14] . More recently, FOXO1 has been reported in murine myoblasts to interact with Notch signalling to regulate hairy and enhancer of split 1 (Hes1) gene expression; HES1 is a well-known repressor of neurogenin 3 (Ngn3 [also known as Neurog3]) [15, 16] . These findings suggest that FOXO1 may be involved at multiple steps of murine pancreatic organogenesis [12] . However, while the role of FOXO1 in adult murine pancreatic tissue has been well characterised, little is known of its contributions during islet development.
Mouse embryos lacking FOXO1 demonstrate incomplete vascular development and do not survive beyond e10.5 [17] . Because of this early lethality, the role of FOXO1 during pancreatic organogenesis has not been thoroughly investigated.
The goal of the present study was to characterise the pattern of FOXO1 production during human fetal pancreas development (8-21 week fetal age) and to identify its function in early islet cell specification. We demonstrate that FOXO1 is widely produced in the endocrine pancreas from the earliest age examined (8 weeks) (18-21 weeks) were challenged with 50 nmol/l insulin, leading to a significant increase in phospho-Akt production and nuclear exclusion of FOXO1. Moreover, small interfering RNA (siRNA) knockdown of FOXO1 in the isolated islets significantly decreased HES1 expression in parallel with increases in NGN3, NK6 homeobox 1 (NKX6-1) and insulin gene expression and cell populations, indicating that FOXO1 may negatively control beta cell differentiation in the human fetal pancreas. These data suggest that future investigations involving the genetic or pharmacological manipulation of FOXO1 may prove useful for the regeneration of beta cells for islet transplantation purposes. [19, 20] . A pool of three sequences for human FOXO1 siRNA (Santa Cruz Biotechnology) was used (Electronic supplementary material [ESM] Table 1 ). Islet epithelial cell clusters were harvested at 24 and 48 h following transfection. Transfection efficiency was monitored using fluorescein-conjugated control siRNA (Santa Cruz Biotechnology) and quantitative RT-PCR (qRT-PCR) analysis for FOXO1 mRNA, with approximately 60% of the islet epithelial cluster cells being transfected, as described previously [19] [20] [21] [22] .
Methods
Pancreatic
At the end of the culture period, islets were harvested and processed for protein or RNA extraction or fixed for immunocytochemistry studies. Three to six fetal pancreatic isolations per experimental group were used for analyses, with an average of 2,000 cells counted each time.
Immunofluorescent and morphometric analyses
Pancreatic tissues and islets were fixed in 4% (vol./vol.) paraformaldehyde. Cell pellets were embedded in 2% (wt/vol.) agarose, followed by paraffin embedding [23] . Some pancreases were embedded using a frozen tissue matrix. Sections (5 μm) were cut throughout the entire length of the pancreas and were stained with appropriate dilutions of primary antibodies (ESM Table 2 ). FITC-and Texas Red-labelled secondary antibodies were obtained from Jackson Immunoresearch Laboratories (West Grove, PA, USA). Images were recorded by a Leica DMIRE2 fluorescence microscope (Leica, Richmond Hill, ON, Canada) with Openlab image software (Improvision, Lexington, MA, USA).
Immunofluorescence staining for FOXO1 showed that FOXO1 is present in both the nucleus and cytoplasm of ductal and endocrine cells during human fetal pancreas development. Since FOXO1 levels in the nucleus (nFOXO1) have been shown to be indicative of biological activity [9] , the morphometric analyses focused on nFOXO1. To identify co-localisation of nFOXO1 with other pancreatic transcription factors as well as epithelial and endocrine cell markers, double immunofluorescence staining was performed. Co-localisation of nFOXO1 with PDX-1, NGN3, CK19, insulin or glucagon was quantified by counting double-labelled cells. Changes in nFOXO1 in proliferating cells were assessed by counting double-labelled cells for nFOXO1 with Ki67. [18] .
Protein extraction and western blot analysis
Total protein from human fetal pancreatic tissues and isolated fetal islets was extracted by sonication in Nonidet-P40 lysis buffer. The extraction of nuclear and cytosolic fractions from fetal islet was performed using a Pierce Nucleus/Cytosolic kit (Fisher, Nepean, ON, Canada) according to the manufacturer's instructions [24] . Equal amounts (35 μg) of extracted proteins from each experimental group were separated by 10% SDS-PAGE (vol./ vol.) and transferred to a nitrocellulose membrane (Perkin Elmer, Wellesley, MA, USA). Membranes were incubated with appropriate dilutions of primary antibodies (ESM Table 2 ), followed by the application of appropriate horseradish peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology). Proteins were detected using ECL-Plus western blot detection reagents (Perkin Elmer) and exposed to BioMax MR Film (Kodak, Rochester, NY, USA). Densitometric quantification of bands at subsaturation levels was performed using Syngenetool gel analysis software (Syngene, Cambridge, UK) and normalised to appropriate loading controls, which included the total signalling protein content or housekeeping proteins (calnexin, β-actin). Data are provided as the relative abundance of phosphorylated proteins to total protein levels or protein levels to the loading control (calnexin, β-actin) [20, 21] .
Real-time RT-PCR RNA was extracted from human fetal pancreatic tissues using TRIZOL reagent (Invitrogen). Islet RNA was extracted using an RNAqueous-4PCR kit (Ambion, Austin, TX, USA) [19, 23] . For each RT reaction, 2 μg DNA-free RNA was used with random hexamers/oligo(dT) primers and Superscript reverse transcriptase. Real-time PCR analyses were performed using the iQ SYBR Green Supermix kit in Chromo4 Real time PCR (Bio-Rad). Primers used are listed in ESM Table 3 . Relative gene expression was calculated and normalised to the internal standard gene, 18S rRNA, with at least five repeats per age or experimental group [18] .
Statistical analysis
Data are expressed as means ± SEM. Statistical significance was determined using either the paired Student's t test or one-way ANOVA followed by a post hoc Bonferroni or least significant difference group comparison test. Differences were considered to be statistically significant at p<0.05.
Results
Characterisation of FOXO1 in the developing human fetal pancreas
The spatial and temporal profiles of FOXO1 during human fetal pancreatic development were analysed in 8-12, 14-16 and 18-21 week fetal pancreatic sections [18] (Fig. 1 ). Double immunostaining revealed FOXO1 localisation in both nuclear and cytoplasmic compartments of human fetal pancreatic cells from the earliest developmental stage (8 weeks) in newly differentiated single endocrine (insulin + or glucagon + ) cells budding off from the ducts as well as within the ductal (CK19 + ) epithelium (Fig. 1a-c, ESM Fig. 1 ). Morphometric analyses of nuclear FOXO1 revealed high levels of colocalisation in CK19 + , insulin + and glucagon + cells from 8 to 21 weeks of fetal age (Fig. 1a-c) . Moreover, western blotting ( Fig. 1d ) and qRT-PCR (Fig. 1e) analyses confirmed relatively constant levels of FOXO1 protein and FOXO1 mRNA throughout the 8-21 weeks of fetal pancreatic development.
Co-localisation of FOXO1 with transcription factors in the developing human fetal pancreas Several studies have demonstrated opposite nuclear vs cytoplasmic localisation of FOXO1 and PDX-1 in murine adult beta cells [7, 8] . To better understand the subcellular distribution of FOXO1 and PDX-1 during human fetal pancreatic development, double immunofluorescence and morphometric analyses of FOXO1 in PDX-1 + cells throughout 8-21 weeks of human fetal pancreatic development were performed. While both cytoplasmic and nuclear FOXO1 staining were observed, morphometric analyses revealed that approximately 50% of the PDX-1 + cells positively stained for nFOXO1 throughout the examined developmental period (Fig. 2a, b) , while ∼75% of NGN3 + cells contained nFOXO1 (Fig. 2c, d ).
Presence of nFOXO1 in proliferating (Ki67 + ) cells during human fetal pancreas development
The majority of studies have demonstrated that FOXO1 inhibits cell proliferation at multiple phases of the cell cycle in various cells and tissues [3, [25] [26] [27] [28] [29] . To determine if there is a role for FOXO1 in cell proliferation during human fetal pancreas development, co-localisation of nFOXO1 with Ki67 was assessed (Fig. 3a) . A high proportion of Ki67 + cells showed positive staining for nFOXO1 at 8-12 weeks (68±6.5%), followed by a significant decrease by 14-16 weeks (31±5.7%, p<0.01 vs 8-12 weeks) and 18-21 weeks (22±4.2%, p<0.001 vs 8-12 weeks) of human fetal pancreatic development (Fig. 3b) . During these three stages in development, ∼3% of Ki67 + cells consistently demonstrated only cytoplasmic FOXO1.
The effects of insulin or glucose on the subcellular localisation of FOXO1 in human fetal islets
The translocation of FOXO1 between the nucleus and cytoplasm in beta cells has been shown to be regulated through the PI3-kinase/Akt signalling cascade, primarily as a result of growth factor activation [6, 30] . To determine if growth factors induce movement of FOXO1 between nuclear and cytoplasmic compartments in the human fetal pancreas, isolated islets (18-21 weeks) were incubated with increasing concentrations of either insulin or glucose for 24 h. Loss of nFOXO1 within ductal (CK19 + ) cells was observed when the islets were treated with insulin in a dose-dependent manner (55±2.8% at 50 nmol/l, p<0.01; 50±1.2% at 100 nmol/l, p<0.001; vs control 76.2±2.5%) (Fig. 4a) , while no effects were observed with glucose treatments (Fig. 4b) . In keeping with these results, FOXO1 nuclear localisation within beta cells (C-peptide Insulin induces nuclear export of FOXO1 via the PI3-kinase/AKT signalling pathway in human fetal islets To determine if the nuclear export of FOXO1 following insulin stimulation of the islets is mediated via the PI3-kinase signalling pathway, alterations in phospho-Akt were examined. Insulin (50 nmol/l) stimulation resulted in a threefold increase in Akt phosphorylation in comparison with the control group (p<0.01, Fig. 5a ). To confirm that the PI3-kinase signalling cascade is responsible for the insulin-induced reduction in nFOXO1, human fetal islets were pre-treated with wortmannin (100 nmol/l). Western blot analysis demonstrated decreased levels of phospho-Akt production upon insulin plus wortmannin co-treatment (p<0.001 vs the insulin-treated group, Fig. 5a ). Double immunostaining (Fig. 5b ) and morphometric analyses (Fig. 5c ) revealed that the insulin-induced reduction in nFOXO1 was significantly inhibited by co-treatment with wortmannin in beta cells (C-peptide + ) (p<0.05, Fig. 5c ). These results suggest that the insulin-mediated subcellular redistribution of FOXO1 within human fetal islets is at least partially dependent on the PI3-kinase/Akt pathway. These data were confirmed by western blot analyses of nuclear and cytoplasmic fractions (Fig. 5d-g ). A ∼50% decrease in nFOXO1 was observed following insulin stimulation, which was blocked by wortmannin (p<0.05, Fig. 5d ). There was no significant change in phospho-FOXO1 Ser256 levels in the cytoplasmic fractions (Fig. 5e ) or in total cellular FOXO1 abundance in the treated groups (Fig. 5f) . A lack of significant alterations in cytosolic FOXO1 levels may be attributable to partial FOXO1 degradation [31, 32] . Western blotting for phospho-FOXO1 Ser256 showed that phospho-FOXO1 was only present in the cytoplasm (Fig. 5g) . These results indicate that FOXO1 is subject to insulin inhibition by undergoing insulin-dependent phosphorylation and nuclear exclusion in the developing human fetal pancreas.
Knockdown of FOXO1 mRNA levels promotes beta cell differentiation in human fetal islets
The effects of downregulating FOXO1 levels in human fetal islets were examined using siRNA technology. qRT-PCR (Fig. 6a) , immunostaining ( Fig. 6b ) and western blot analyses (Fig. 6c, d ) confirmed knockdown of FOXO1 following transient transfection of siRNA after 48 h of culture when compared with controls. Cells treated with FOXO1 siRNA showed a reduction not only in nFOXO1 but also in cytoplasmic FOXO1 (Fig. 6b) . Interestingly, knockdown of FOXO1 gene expression induced a significant increase in insulin mRNA levels (p<0.03 vs control) (Fig. 6e ) and in the number of C-peptide + cells (p<0.05 vs control) (Fig. 6f) in comparison with control siRNA groups, but had no affect on the number of glucagon + cells (data not shown). The proliferation capacity of the islets following FOXO1 siRNA transfection was examined: we found a ∼50% increase in the number of Ki67 + cells in the FOXO1 siRNA group that was not statistically significant (ESM Fig. 2) .
To analyse the effects of downregulating FOXO1 on transcription factors essential for beta cell development, NGN3 and its associated upstream and downstream transcription factors were examined. There was an approximately twofold increase in NGN3 mRNA levels in the FOXO1 siRNA-transfected group (p<0.05, Fig. 7a ), in parallel with a fourfold increase in the number of NGN3 + cells (p<0.001, Fig. 7c, e) . We also detected a 1.7-fold increase in NKX6-1 mRNA levels in the FOXO1 siRNA group, but this did not reach statistical significance in comparison with controls (Fig. 7b) . However, FOXO1 siRNA treatment resulted in a threefold increase in NKX6-1 + cells (p<0.05, Fig. 7d, f) . In contrast, no changes were detected in the cellular distribution or mRNA levels of ISL LIM homeobox 1 (ISL1), NK2 homeobox 2 (NKX2-2) and paired box gene 6 (PAX6) in FOXO1 siRNAtransfected groups (ESM Fig. 3) . Furthermore, there were no differences in the cellular distribution of PDX-1 (Fig. 8a) and no changes in either PDX-1 mRNA (Fig. 8b) or protein (Fig. 8d) Ser256 (e, g) levels in each experimental group. Representative blots are displayed. Data were normalised to β-actin and expressed as means ± SEM (n=3 or 4 experiments per treatment group). *p<0.05, **p<0.01 vs control and wortmannin and insulin groups controls (Fig. 8a) . Consistent with this observation, we detected a twofold reduction in HES1 mRNA and protein levels by qRT-PCR (p<0.05, Fig. 8c ) and western blotting (p<0.01, Fig. 8e ).
Discussion
The present study demonstrates that the transcription factor FOXO1 is present in the human fetal pancreas during weeks 8-21 of fetal life, localised in cells producing ductal and endocrine cell markers. When challenged with 50 nmol/l insulin, 18-21 week fetal islet cells displayed a loss of FOXO1 from the nuclear compartment, indicating that insulin regulation of FOXO1 is functional at an early developmental stage. More importantly, siRNA knockdown of FOXO1 resulted in increases in NGN3, NKX6-1 and insulin gene expression in parallel with increases in the NGN3 + , NKX6-1 + and C-peptide + cell populations. These data suggest that FOXO1 may have a significant role in inhibiting beta cell differentiation during human fetal pancreatic development.
FOXO1 presence in the nucleus has been shown to be indicative of biological activity [9] . Our immunohistochemical analyses demonstrated relatively constant levels of nFOXO1 in both ductal and islet cell populations of the 8-21 week human fetal pancreas. Moreover, nFOXO1 was highly co-localised with PDX-1 + and NGN3 + cell populations during this developmental period. These findings are consistent with observations in the mouse, where FOXO1 is widely produced between e9.5 and 14.5 [10] [11] [12] [13] [14] , a stage corresponding to the human developmental window examined in the present study. However, following this period in the mouse, a global decline in the distribution of FOXO1 has been observed, whereby this transcription factor becomes restricted to endocrine progenitor cells by e17.5 and eventually becomes limited to beta cells postnatally [12, 13] .
The presence of nFOXO1 in multiple endocrine progenitor and differentiating cell types during early murine and human fetal pancreatic ontogeny suggests that this transcription factor performs a global function in these cells. In rodent beta cells, FOXO1 controls various cellular responses including proliferation [4, [26] [27] [28] [29] . Our ex vivo analyses demonstrated a progressive decrease in the localisation of nFOXO1 within proliferating cells, suggesting that FOXO1 may be involved in regulating cell cycle progression in the human fetal pancreas after 12 weeks of a c fetal age. However, the proliferation index was not significantly upregulated following FOXO1 siRNA transfection. Although this may be due to insufficiency of the knockdown or the fetal stage at which the siRNA studies were carried out, our present data suggest a more important role for FOXO1 in cell differentiation during human fetal pancreas development.
The most prominent role for FOXO1 in adult beta cells is negative transcriptional regulation of PDX-1 [4, 7, 33] . This mechanism is reversed by Akt-induced FOXO1 phosphorylation and nuclear export, thereby allowing FOXA2-induced PDX-1 expression [7, 34] . In adult murine beta cells, a separate subcellular localisation for FOXO1 and PDX-1 has been reported: FOXO1 is found in the cytoplasm while PDX-1 is localised to the nucleus [4, 7] . However, in 8-21 week human fetal pancreases, FOXO1 and PDX-1 were co-localised within the nucleus. Furthermore, knockdown of FOXO1 mRNA in the fetal islets had no effect on either total mRNA or protein levels or the nuclear localisation of PDX-1. These data suggest that FOXO1 may regulate PDX-1 differently during human pancreatic development than in adult beta cells, or that it performs a role independent of PDX-1 regulation.
Numerous reports have established that altering the nutritional status of beta cells is associated with changes in FOXO1 transcriptional activity via the PI3-kinase pathway [6, 30, 35] . FOXO1 is a key effector of insulin action in beta cells, especially in the regulation of beta cell mass [7, 36] . To investigate if this also applies to cells of the developing human pancreas, the effects of exogenous and endogenous insulin (addition of glucose) were tested. Exogenous insulin at 50 nmol/l stimulated a ∼50% reduction in the nuclear localisation of FOXO1. This level of translocation is lower than has been observed in murine beta cells, presumably due to the dose of insulin used and/ or suboptimal sensitivity of fetal cells to the insulin stimulation, as doubling the insulin dose caused a small further reduction in the nFOXO1 level. However, a highglucose stimulation had no obvious effect on the translocation of FOXO1. This is in direct contrast to results reported for adult mouse beta cells where high glucose concentrations increased the nuclear translocation of FOXO1 as part of an anti-oxidative stress response mechanism [9] . Thus, our findings indicate that either glucose/insulin signalling is not fully functional at 18-21 weeks or that glucose signalling is not sufficient to bring about any effect on FOXO1 subcellular localisation. Finally, the insulin-induced FOXO1 response was inhibited by the addition of wortmannin, indicating that FOXO1 translocation in the developing human fetal islet epithelial cells is mediated through the PI3-kinase/Akt signalling cascade [6] . In order to identify a specific role for FOXO1 in human fetal islets, the effects of FOXO1 knockdown via siRNA were examined. Knockdown led to notable increases in the beta cell population as well as insulin mRNA levels, indicating that FOXO1 may be involved in beta cell differentiation during human fetal pancreatic development. These findings are in accord with a recent study reporting a selective increase in juxta-ductal beta cells following a conditional Foxo1 knockdown in pancreatic progenitors in Pdx-1-cre mice [13] .
Upregulation of the NGN3 and NKX6-1 cell populations also occurred following FOXO1 gene knockdown in the islets, while there was no change in the abundance of other transcription factors critical for pancreatic islet cell differentiation, including ISL1, NKX2-2 and PAX6 [2] . These results are supported by our previous finding of a parallel decrease in NGN3 and NKX6-1 expression from 8-21 weeks of human fetal pancreatic development while ISL1, NKX2-2 and PAX6 increased significantly [18] . In addition, we have observed that NKX6-1 is produced only in beta cells in the human fetal pancreas [18] , indicating that NKX6-1 probably plays a significant role that is different from other transcription factors during human fetal beta cell development.
Co-localisation of FOXO1 and NGN3 has been observed in both human and mouse models [13] . Downregulation of FOXO1 mRNA in human fetal islets resulted in a significant upregulation of NGN3 mRNA levels and the number of NGN3 + cells, suggesting that NGN3 may be a potential target for FOXO1. In support of this, a cluster of binding sites for forkhead factors, including FOXA2, was recently identified in the distal region of the NGN3 promoter [16] . In murine adult islets, FOXA2 competes with FOXO1 for the same binding site within the Pdx-1 promoter to regulate Pdx-1 expression [7] . It will be interesting in future experiments to investigate if control of NGN3 transcription during human fetal pancreatic development involves a similar forkhead factor-dependent mechanism.
The Notch signalling pathway has been reported to prevent Ngn3 expression in the majority of duct cells during murine pancreatic development [37] . Disruption of Notch signalling or its downstream mediators, including HES1, causes widespread expression of Ngn3 in the murine pancreas and accelerated endocrine differentiation [38, 39] . Following FOXO1 silencing, a significant decrease in HES1 gene expression and protein abundance was observed in the human fetal islets. These findings are in accord with a recently proposed mechanism describing a functional interaction between FOXO1 and Notch that is required for the regulation of myoblast maintenance and differentiation [15] : this model suggests that murine FOXO1 binds to the CSL element within the Hes1 promoter, stabilising the Notch/CSL complex, and thereby enhancing Hes1 transcription [15] . Thus, our present study suggests a second possible mechanism by which FOXO1 may regulate NGN3 levels during human pancreatic development.
In summary, we have investigated the cellular localisation and potential function of FOXO1 in the early to mid-gestation human fetal pancreas. Its broad expression pattern in multiple endocrine precursor and differentiating cell types along with its inhibitory effects on factors critical for beta cell differentiation suggest that FOXO1 performs key global as well as highly specialised functions in the human fetal pancreas. These data also indicate that manipulation of FOXO1 levels may prove to be a useful tool for the development of more effective cell-based therapies for diabetes treatment.
